ABSTRACT. To evaluate the role of the quantitative adaptation in dietary protein at weaning in the growth and maturation of the rat gastrointestinal tract, we studied parameters of tissue mass, DNA synthesis, and enzyme activities in suckling pups weaned by day 17 to a semipurified synthetic, isocaloric diet that contained either 8 or 27% casein (controls). Rats of both groups were studied on days 21, 28, and 35 postpartum. On day 21, protein restriction had little effect on mcan body weight, wet stomach and liver weight, gut lcngth and colonic, jejunal or ileal mucosal weights per centimeter, whereas on day 35, all these tissue mass parameters were significantly ( p 6 0.01 versus controls) depressed in the 8% protein group. DNA and protein content expressed per intestinal segment or per total organ and the protein/DNA ratio paralleled the changes In tissue mass, except that total DNA of the small intestine was decreased by 33% ( p < 0.01 versus controls) in 21-day-old rats with protein restriction. In the same age group, DNA synthesis rate, measured by the incorporation rate of I3H]-thymidine per milligram tissue DNA, was markedly depressed in the smaIl intestine (4-fold decrease; p 6 0.001 versus controls) and in the liver (2-fold decrease; p < 0.05 versus controls) while in the colon the effect of protein restriction occurred later (day 35). Plasma corticosterone concentrations were equivalent in 8% and 27% protein groups on days 21 and 28 but on day 35, the mean value in the 8% protein group fell to a level of about one-third of the controls ( p < 0.81). Calculated for the total intestine, sucrase, maltase, and diamine oxidase activities remained unchanged in both groups throughout the experimental period indicating that the increases in specific enzyme activities in 8% protein rats were due to decreased tissue protein content. In 8% protein rats, both the specific and total activity of lactase, measured on days 28 and 35, was increased by at least 3-fold ( p 6 0.01) over the control values, whereas aminopeptidase activity was significantly decreased ( p 6 0.05 versus controls). Our data demonstrate that the adaptation in dietary protein at weaning modulates the ontogenic changes in tissue DNA synthesis and plays a role in completing the growth of the rat gastrointestinal tract. I-Iowever, this dietary adaptation is not critical for the maturation of functions linked to intestinal absorption. (Pediatr Res 19: 857-862,1985) Received November I, 1984; accepted April 2, 1985 Although the development of the rat gastrointestinal tract can be accounted for by an increase in the number of cells (I), cell proliferation rate in different regions of the gut does not follow an identical ontogenic pattern. During the 3rd postnatal wlc, mucosal DNA synthesis and cell proliferation rate increase 4-to 5-fold in the small intestine leading to mucosal hyperplasia (2-4). whereas in the stomach ( 5 ) and in the colon (6) there is no increase or even a decrease in these cell kinetic parameters. Similarly, thymidine kinase activity rises markedly in the jejunum of the weanling rat between days 16 and 24 (3), whereas the enzyme activity decreases during the same time period in the stomach (5) and colon (7).
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The mechanism(s) that controls the ontogenic changes in cell division and proliferation of the developing gut are far from well understood. Initiation of the postnatal ontogenic events in the rat gastrointestinal tract is probably determined by the g e~l e t i~ program (8), while the terminal phase of intestinal development seems to be influenced by environmental factors such as nutrients (9), hormones (9), and mediators (4,9). Regarding dietary factors, the weaning period is characterized by a shift from a liquid fatrich, low-iron diet supplied by the mother (10) to a solid diet rich in carbohydrates and iron (rat food). It has been demonstrated that the proportion of carbohydrate relative to fat (1 1) and the iron content (12) of the weanling diet are critical for the maturation of intestinal microvillous enzymes but not for tile ontogenic changes in DNA synthesis (3, 12).
The present study is concerned with another aspect of the dietary adaptation at weaning: the amount of protein consumed. Rat milk contains about 9 g protein per 100 ml (lo), whereas the prolein content of rat food pellets may be as high as 27 g/ 100 g solids. Dunng the first 2 wk of life, the suckling procerss depends on several variables (9) but under conditions of norm,il litter size, the quantity of milk ingested has been estimated to average 3 g/rat per day (10). On the 16th postnatal day, the pups begin to nibble solid food and show a gradually decreasing consumption of milk through the next week until they are ingesting 100% solids by the 23rd day (9). Daily measurements of food intake have confirmed that during the 3rd and 4th wk the consumption of rat food increases from 2 to 6 g/rat per day (1 2). Thus, compared to the suckling period, the weanling penod is characterized by a rapid adaptation in the quantity and qua1ii.y of proteins ingested per day. As far as we can determine, the importance of the proteln content of the weanling diet for the maturation of the rat digestive tract has not yet been investigated.
Thc aim of the present study is I) to examine the possible influencc of the quantitative adaptation in dietary protein at weaning on the terminal maturation of the rat small intestine and 2) to evaluate the effects of acute protein restriction during this critical period on the growth pattern of the stomach, liver, small intestine, and colon. Proccdiirt~.~. On day 15 the pups were pooled and separated into two groups of 2 1 rats each. Group I was fed ad lil7itlrrn a semipurified synthetic diet containing 27% casein (controls). Rats of group I1 werc weaned onto a low protein, isocaloric diet containing 8% casein. The composition of the diets is detailed in Table I . The animals were separated from the dams on day 17. Seven rats of each group were studied on days 21, 28, and 35 postpartum.
MATERIALS AND METHODS

Anit
Animals were housed in metabolic cages and food intake was measured daily in both groups.
Prepa~ulion of'fi.s.slrcr. On the day of study, the animals were killed by decapitation. The entire small intestine (from the pyloric end to the ileocesal valve) was removed and trimmed of fat and mesentery. The intestinal length was measured under fixed tension as described (2) and divided into two equal segments. The proximal segment was defined as the dmodenojejunum and the distal segment as the ileum. Each segment was opened longitudinally. rinsed in ice-cold saline, blotted on filter paper. and weighed. The mucosa was scraped and weighed separately. Except for ml~cosal separation, the same procedure was applied to the colon. The stomach was also excised, opened Pengthwise. rinsed thoroughly to remove luminal content, blotted on filter paper, and weighed. The liver was trimmed of fat and weighed. All tissues were wrapped in parafilm and frozen immediately. Tissues and mucosa from each rat were separately sonicated (Branson Sonifier B 12) and were prepared for the determination of protein and DNA. Enzyme activites were measured in duodenojejunal mucosa homogenized and diluted ( I / 500-1 / 15000) in appropriate buffers (Tris-Maleate, pH = 6.0, for disaccharidases and 2-amino-2-methylpropandiol. pH = 8.0, for aminopcptidase).
Iliochcmic,ul dc~rr~n?~it~iltion.v. Plasma corticosterone was meas-
urcd by a spccific protein-binding assay on specimens of blood collected from 42 rats (control and experimental groups) killed at the ages described above. Thc procedures for blood collection and for corticosteronc assay have been described in detail previously (6).
For the determination of DNA synthesis rates, 2 pCi/g body weight of [3H]-thymidine (specific activity 23 Ci/mmol .4rner-sham, England) was injected intraperitoneally to each animal. The injections were all given at thc same hour in thc morning to (specific radioactivity of 40.5 Ci/mmol, New England Nuclear, Boston, MA) was mixed with unlabeled putrescine in order to reach a specific radioactivity of 1 Ci mmol-I (160 pmol yielding approximately 170,000 counts/min). The reaction product (A 1 pyrroline) was extracted in toluene. DAO activity was expressed as nanomoles putreseine deaminated per hour per gram protein.
Activities were shown to be proportional to time and quantity of enzyme.
Culculutions and stutistics. All results were expressed as mean 4 SE. DNA was calculated in milligrams per gram tissue and DNA synthesis rates in (counts/min) per milligram DNA. Since specific activity is a function of both enzyme activity and tissue protein content, a change in this value could be caused not only by a change in the numerator, but also by a change in the denominator. Therefore, we have also expressed the data as total activity per segment removing the possibility of an artifact when data are related solely to protein or DNA. Differences between means were tested for statistical significance using a l -way analysis of variance and the unpaired Student's t test, when the F value allowed statistical comparison. Where not appropriate, the groups were compared by the Mann-Whitney U test,
RESULTS
Daily food intake was similar in protein-deprived rats (increasing from 3.5 to 5.2 g/rat/day) and in controls (increasing from 3,7 to 5.6 g/rat/day). Table 2 summarizes the developmental changes in body weight and the weight of different organs of the gastrointestinal tract. After 5 days of feeding a solid diet (day 211, there was littie change in body weight and wet tissue weight of the stomach, liver, small intestine, and colon between rats weaned onto the low protein diet (8% casein) and the controls (27% casein). By days 28 and 35, protein restriction led to an inhibition of body weight gain and to a significant ( p < 0.01) decrease in the weight of the stomach (-44%) and of the liver (-42%) verszls controls.
In protein-deprived rats, the growth of the small intestine in length was altered and both duodenojejunal (day 28: -335%; day 35: -34%) and ileal (day 28: -35% day 35: -39%) mass calculated per unit of length was significantly ( p < 0.01) decreased compared to the respective control groups. Compared to the small intestine, the decrease in colonic weight per unit length was slight on day 28 (-13% ver.sz1.s controls) but became more pronounced on day 35 (-24% ver.vz1.s controls; p < 0.0 1). Protein content in the Liver, duodenojejunum, ileum, stomach, and colon of rats undergoing protein restriction generally reflected the changes in tissue mass. Tissue protein content expressed per mucosal weight or per organ was unchanged on day 2 1 but was significantly ( p < 0.01) decreased on days 28 and 35 (Table 3) . 3 Significantly different from controls at a level o f p < 0.01.
11 Significantly different from controls at a level of p < 0.05.
li Unit = nmol of putrescine deaminated per hour.
The changes in total DNA content of the small intestine. stomach, colon, and liver are depicted in Figure 1 . Protein restriction caused a rapid and significant ( p < 0.01) decrease (-33%) in intestinal DNA content (mucosa and whole tissue) which was already apparent by day 21, whereas significant changes in liver and colonic DNA content were only observed in the 35-day-old group. Changes in total gastric DNA were comparable to those observed in the small intestine, except that the difference in gastric DNA content between the experimental and control group was not statistically significant on day 21. Reflecting early changes in mucosal DNA with minimai changes in corresponding tissue protein, the protein/DNA ratio of the intestinal mucosa was initially (day 21) greater ( p < 0.05) in protein-deprived rats than in controls (Fig. 2) . However, on days 28 and 35, the ratio fell to a level of about one-half of the controls in the small intestine and in the liver. In the colon, the ratio was also significantly ( p < 0.01 versus controls) diminished, while it remained unchanged in the stomach. The impact of protein restriction at weaning on the ontogenic changes in DNA synthesis 9 Significantiy different from controls at a level of p < 0.01.
11 Unit = nmol of putrescine deaminated per hour.
of the different gastrointestinal tissues are shown in Figure 3 . In 2 1 -day-old rats, weaned onto the low protein diet, DNA synthesis rate was markedly depressed, more than 4-fold (p < 0.001 versus controls) in the small intestine and more than 2-fold ( p < 0.05 versus controls) in the liver. The incorporation rate of labeled thymidine per milligram of colonic DNA was initially (day 21) equivalent between protein-deprived rats and controls but at the age of 35 days, colonic DNA synthesis decreased to a level 36% of controls. Interestingly, in the same age group, intestinal DNA synthesis rate had returned to the control level which is normally lower during the 4th and 5th postnatal wk than during the 3rd wk (3). The effects of protein restriction on the maturation of intestinal mucosal enzymes are detailed in Table 3 (specific enzyme activity) and in Table 4 (total enzyme activity). Both the specific (per unit protein) and total (per total intestine) iactase activity was increased in rats weaned onto the 8% protein diet. Compared to the controls, the increases in lactase activity were found to be significant on days 28 ( p < 0.01) and 35 ( p < 0.01). Similar data showing lactase stimulation have been reported in animals undergoing starvation (22) or chronic protein malnutrition (23, 24). In the same age groups, the specific activity of sucrase and of maltase was also enhanced, when compared to 27% protein controls. This was obviously due to loss of tissue protein (denominator) since the total activity of these latter two enzymes per total intestine was similar in control and experimental groups. DAO activity (specific and total) remained unchanged while as expected (191, aminopeptidase activity fell significantly on days 2 1 (-25%; p < 0.05 versus controls) and 35 (-6 1 %; p < 0.0 1) in response to protein restriction. To assess whether the very early changes in intestinal DNA synthesis observed in protein-deprived rats could have been mediated through glucocorticoids, we measured the plasma concentration of total corticosterone (free and bound) on days 21, 28, and 35. On days 21 and 28, the circulating levels were noted to be slightly but not significantly higher in the 8% protein group but on day 35, the values fell to a level of about one-third of that of the controls (Table 5) .
DISCUSSION
Between days 17 and 2 1 of age, the postnatal development of the rat small intestine is characterized by marked increases in villus height, crypt depth, cell migration rate, mucosal mass, and DNA and RNA content (2, 4). During the same critical period, several mucosal enzymes also rapidly adapt (9). All these ontogenic changes are directed toward the adult pattern and are correlated with maturative changes in other organs of the gastrointestinal tract, including the mouth, stomach, colon, liver, and pancreas (9). At the end of the 4th postnatal wk, the maturative process appears to be complete since the gastrointestinal tract has reached adult absorptive capacities.
Because these ontogenic changes coincide with the time of weaning, it has been implied that this may be a result of a change in diet. Previous experiments (3, 8) in weaning rats have suggested that the initiation of changes in intestinal cell proliferation, DNA synthesis, and mucosal enzymes are not diet dependent but could be triggered by the interaction of the genetic program and hormonal mediators. In the present study, we have examined the importance of the dietary adaptation in protein (transition from rat milk to food pellets) in the development of the gastrointestinal tract and especially for thc terminal maturation of the rat small intestine. Our study demonstrates that the protein content of the weaning diet modulates the ontogenic changes in DNA synthesis and is a factor in the coinpletion of the growth of the gastrointestinal tract. When suckling pups were weaned onto a diet that contained a concentration (8 g/100 g) of protein equal to that of rat milk (9 g/lOO ml), DNA synthesis rate measured on day 21 was reduced 4-fold In the small intestine and 2-fold in the liver as compared to control littermates weaned onto a 27% protein diet. The values in the small intestine of 2 1-day-old rats undergoing protein restriction were comparable to those obtained in the same organ of 14-day-old suckling rats (3). The impact of protein restriction at weaning on tlssue DNA synthesis is further attested by the significant decrease in total
